Hagerman Fossil Beds National Monument (HAFO), Idaho, is internationally significant for the vertebrate fossils from its hundreds of fossil localities spanning more than a million years of the Pliocene. This study establishes the background for comparisons among localities in the Glenns Ferry Formation within HAFO by describing the nature of the fossiliferous deposits, using published data to revise age estimates for HAFO localities, and relating the relative differences in elevation of the fossil-bearing localities to particular time horizons. Fossils from the anthills and blowout localities are considered to be essentially in situ stratigraphically. Species of modern harvester ants do gather fossils from more than the immediate area, but the maximum vertical movement is probably within the resolution of elevation possible at most HAFO localities. The microstratigraphy of blowout localities is described here for the first time, with vertebrate fossils derived exclusively from layers of about 12-cm thickness. Fossils recovered as surface float should be excluded from stratigraphic comparisons.
INTRODUCTION
For more than seven decades, Hagerman Fossil Beds National Monument (HAFO), Idaho ( Fig.  1) , has served as one of the world's most important sources of middle Pliocene paleontological data, particularly for mammalian fossils (McDonald et al., 1996) . Although there is disagreement about the first discovery of fossils in the vicinity of HAFO, it was Elmer Cook who first contacted the U.S. Geological Survey regarding the paleontological deposits on the land he was leasing (Akersten and Thompson, 1992) . That initiated a long history of fieldwork at HAFO, with large-scale efforts beginning with U.S. National Museum excavations from 1929 to 1934, subsequently revived by personnel from The University of Michigan's Museum of Paleontology and the Idaho Museum of Natural History. Paleontological resources of HAFO are stewarded today by the U.S. National Park Service. Other, smaller-scale field efforts, including those by personnel from the University of Utah, Natural History Museum of Los Angeles County, and Pacific Union College, emphasized work at the Hagerman Horse Quarry (Macdonald, 1966; Akersten and Thompson, 1992) .
The present paper brings together disparate studies on geology of the Glenns Ferry Formation and chronology of the fossil deposits. It also adds new empiri-cal observations on the nature of the deposits and presents data that allow more accurate stratigraphic placement of localities at HAFO. A companion work to this study established climatic patterns during the interval of Pliocene time represented at Hagerman using a marine-data proxy (Ruez, 2006) . The combined studies allow more accurate assessment of faunal changes in light of environmental change.
STRATIGRAPHIC NOMENCLATURE
Detailed discussion of nomenclatural issues associated with the Glenns Ferry Formation is available elsewhere (Repenning et al., 1995) , so only a brief treatment is included here to introduce the various names. Strata now referred to the Glenns Ferry Formation were first reported from fossil-fish-bearing and associated deposits of Lake Idaho (Cope, 1883a) . These strata were named the Idaho Formation, but it is unclear if this was also meant to include deposits other than those currently recognized as the Glenns Ferry Formation. Nomenclatural refinement of the Idaho Formation by Lindgren (1898 Lindgren ( , 1900 later restricted the name to Pliocene deposits and explicitly excluded the older Payette Formation as a distinct unit. Kirkham (1931) , who also intended to exclude the Payette Formation from the Idaho Formation, redefined the Idaho Formation as all deposits above the Columbia River Basalt Group. Kirkham (1931) stated that the Payette Formation underlay at least 300 m of Columbia River Basalt, but the two units actually intertongue (Malde and Powers, 1962) . Neither the Payette Formation nor the Columbia River Basalt occurs in the Hagerman area, and neither is coeval with any part of the Idaho Group (Malde and Powers, 1962) .
In the 1960s, the nomenclature of nearly every sedimentary unit within the Idaho Formation was changed or redefined. Malde and Powers (1962) erected the Idaho Group and included within it seven formations: Poison Creek Formation, Banbury Basalt, Chalk Hills Formation, Glenns Ferry Formation, Tuana Gravel, Bruneau Formation, and Black Mesa Gravel (Fig. 2) . The Idaho Group overlies the Idavada Volcanics and is capped by the Snake River Group; upper and lower boundaries of the Idaho Group are unconformable surfaces.
The Banbury Basalt as used here refers only to the lower Pliocene olivine tholeiite between the Glenns Ferry and Chalk Hills Formations. The Banbury Basalt originally was named for exposures at Banbury Hot Springs, Idaho (Stearns, 1936) , but some authors recognized a second unit, also called the Banbury Basalt, that is correlative with the Poison Creek Formation (e.g., Malde and Powers, 1962; McKee and Mark, 1971; Mark et al., 1975; Stewart and Carlson, 1976) . This lower basalt is approximately twice the age of the tholeiite from the Banbury Hot Springs (Armstrong et al., 1975) and differs genetically from most basalts of the Snake River Plain (Hart et al., 1984) . Even when this diachronous use Leeman, 1982) but excludes Owyhee Plateau in southwestern Idaho. Inset map shows boundaries of HAFO to west of Snake River. Modern Snake River flows west.
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of the term Banbury Basalt is recognized, the name is often retained for lack of a formal name for the lower basalt (e.g., Lee et al., 1995) . Sometimes the name is applied erroneously to the exclusion of the type locality (Swirydczuk et al., 1982) .
Placement of the contact between the Chalk Hills Formation and the overlying Glenns Ferry Formation varies widely, but the original proposal involved a widespread orange oolite (and presumed chronologic equivalent algal limestone at Horse Hill, Idaho) as the basal member of the Glenns Ferry Formation (Malde and Powers, 1962) . In contrast, this oolite also was considered as the topmost bed of the Chalk Hills Formation (Warner, 1976) or excluded both from the Glenns Ferry and Chalk Hills Formations (Repenning et al., 1995) on the bases of differing paleoenvironments (following Swirydczuk et al., 1979) , relative thinness, and areal extent. The limestone at Horse Hill later was determined to be significantly older and a component of the Chalk Hills Formation (Swirydczuk, 1977) . The contact between the Chalk Hills and Glenns Ferry Formations at Horse Hill became set at the base of an unnamed, quartzite-cobble bed (Swirydczuk et al., 1981) . A more complete study concluded that the oolite was a temporal equivalent of the quartzite-cobble bed, and both mark the base of the Glenns Ferry Formation (Swirydczuk et al., 1982) . Neither the oolite nor the cobble bed occurs in the Hagerman area. Instead, the Glenns Ferry Formation at HAFO directly overlies the Banbury Basalt.
LATE CENOZOIC HISTORY OF HAGERMAN AREA
Active and extensive volcanism related to the Yellowstone-Snake River Plain hotspot dominated south-central Idaho during the middle Miocene (Pierce and Morgan, 1992; Smith and Braile, 1994) . After the westward movement of the North American plate, normal faulting (Malde, 1991) and cooling caused subsidence in the western Snake River Plain and resulted in the graben now filled with strata of the Idaho and Snake River Groups (Leeman, 1982; Othberg, 1994) . Deposition began with diversion of the Snake River into the graben and continued until the late Pleistocene, when Hell's Canyon opened sufficiently to keep the area drained (Othberg et al., 1996) . Most of the Glenns Ferry Formation at HAFO (Fig. 3 ) was deposited in a meandering stream and floodplain setting east of the Glenns Ferry Lake (Malde and Powers, 1962; Malde, 1972) .
The Tuana and Tenmile Gravels unconformably overlie the Glenns Ferry Formation and consist of coarse deposits transported by the increased competency of the Snake River once captured by the Columbia River (Malde, 1991) . The Tenmile Gravel appears only in the Boise area (Othberg, 1994) , whereas the Tuana Gravel is common in HAFO as the capping sedimentary unit (Malde, 1991) . The Tuana Gravel consists of gravel, sand, and silt, mainly derived from the Twin Falls Volcanic Field. However, it also contains sediments probably derived from parent material in northern Nevada and central and eastern Idaho (Sadler et al., 1997) . Although the Tuana Gravel reaches a thickness of more than 60 m in the type locality (Malde and Powers, 1962) , the unit at HAFO is only 5-20 m thick (Sadler et al., 1997) . Distribution of the lake and stream strata of the Bruneau Formation is partially controlled by coeval basalt flows (Malde et al., 1963) . Exposures of the Bruneau Formation previously mapped at HAFO (Malde, 1971 (Malde, , 1972 Malde and Powers, 1972) later were reinterpreted as deposits of Yahoo Clay (Malde, 1982) . The nearest deposits of Bruneau Formation are approximately 15 km northwest of HAFO (Malde, 1982) . The uppermost unit of the Idaho Group, the Black Mesa Gravel, is composed of sand and gravel eroded from the Bruneau and Glenns Ferry Formations (Malde and Powers, 1962) . The closest exposures of Black Mesa Gravel are south of the town of Glenns Ferry, about 30 km west of HAFO.
The middle to upper Pleistocene Snake River Group consists of complex arrangements of basalt, lacustrine clastics, and gravel, resulting from local volcanism, lava damming of the river to form lakes, and flooding events following dam breakage (Malde and Powers, 1962) . Several of these formations are localized and not expressed in the Hagerman area. The Sand Spring Basalt occurs in the Hagerman Valley, to the east across the Snake River from HAFO. Outcrops of the Sand Spring Basalt three km north of Hagerman are the westernmost exposures of the formation (Malde and Powers, 1962) . The Yahoo Clay does occur within HAFO. It was deposited within Pleistocene McKinney Lake, which was formed by the damming of the Snake River by pillow lava of the McKinney Basalt near Bliss, Idaho (Malde, 1982) . The McKinney Basalt is the youngest volcanic unit in the western Snake River Plain (Malde, 1965) . This basalt has normal magnetic polarity (Malde, 1991) , with an estimated age of 70-50 ka based on the lack of buried soils (Pierce et al., 1982) . Crowsnest Gravel occurs in the southern part of HAFO and rests on eroded surfaces of Yahoo Clay (Malde, 1991) .
The youngest sedimentary formation in the Snake River Group is the Melon Gravel (Fig. 4) , which occurs throughout the Hagerman Valley as a result of the Bonneville Flood (Jarrett and Malde, 1987) . The largest of the Pleistocene lakes in the Basin and Range region of the western United States, Lake Bonneville, (Gilbert, 1878; Malde, 1991) . The water surface within Snake River Canyon elevated more than 130 m above its present level (Jarrett and Malde, 1987) . Discharge along the Snake River south of Boise during this flood is estimated at 935,000 m 3 /s (Jarrett and Malde, 1987) ; the average historical discharge along the Snake River before damming and draining for agriculture was 1,260 m 3 /s (Chow, 1964) . For comparison, the highest known discharge for the Mississippi River at St. Louis, Missouri was 36,800 m 3 /s in 1844 (Parrett et al., 1993) , and the greatest modern discharge ever measured in the United States was 70,000 m 3 /s at Arkansas City, Arkansas, for the 1927 flood of the Mississippi River (Dalrymple, 1964) . The water level in Lake Bonneville dropped 108 m because of the flood, which corresponds to 4,700 km 3 of water lost from the lake (Currey and Oviatt, 1985) . If the discharge remained constant at the estimated rate of 935,000 m 3 /s, the flood would have lasted eight weeks (Jarrett and Malde, 1987) . The Bonneville Flood eroded much of the strata of the Snake River and Idaho Groups, leaving only isolated deposits in the Snake River Plain. The resistant caliche in the overlying Tuana Gravel may have sheltered undisturbed strata of the Glenns Ferry Formation at HAFO (Sadler et al., 1997) .
MAMMAL-BEARING FOSSIL LOCALITIES

Glenns Ferry Formation
General Depositional Setting
Within HAFO lies 183 m of lacustrine, f luvial, and floodplain deposits of the Glenns Ferry Formation (Malde and Powers, 1962; Lee et al., 1995) , exposed along the west bank of the Snake River (Fig. 3) . HAFO lies at the eastern edge of the western Snake River Plain. Local geology is dominated by siliciclastic strata, but volcanic units also exist (Othberg, 1994) . Basalts and ashes of the area are discussed in the chronology section. West of HAFO, the Glenns Ferry Formation reaches 900 m in thickness (Malde, 1991; Williams, 1994) .
Extensive sequences within the Glenns Ferry Formation suggest uniform sedimentary environments with little lateral migration of lithofacies (Malde, 1972) . Given the low topographic gradient indicated by the meandering stream deposits, subsidence proceeded at approximately the same rate as sedimentation (Lee et al., 1995) . Indications of paleocurrent directions vary widely. Interpretation of deposits at the Hagerman Horse Quarry suggests flow from west to east (Akersten and Thompson, 1992) , whereas measurements from multiple localities indicated flow from north to south (Riedel, 1992 not seen, cited in Lee et al., 1995) . Data presented by Lee et al. (1995) exhibited wide variation but generally indicated flow from south to the north. Such wide discordance in directions of flow strongly supports interpretation of deposition within low-gradient, widely meandering streams.
Sands in the Glenns Ferry Formation were deposited primarily by lateral accretion at point bars; muddy lithofacies represent flood events (Lee et al., 1995) . Approximately half of the sands in the Glenns Ferry Formation at HAFO were derived from rhyolitic rocks. Basaltic sands are the second most abundant and account for another 11 percent of the total (Lee et al., 1995) . Clay beds at HAFO contain smectite and illite (Gautier, 1979) .
Hagerman Horse Quarry
Although hundreds of documented, fossil-bearing localities lie within boundaries of Hagerman Fossil Beds National Monument, many paleontologists are familiar only with a single site-the Hagerman Horse Quarry (HHQ). Representatives of several universities and museums, as well as many amateurs, have collected fossils from HHQ, near the top of Smithsonian Institution Hill in the northern part of HAFO (Fig. 5) . These collections are from excavations at slightly different locations, but they were made predominantly along western and southern exposures of the hill, confined vertically to a thickness of about 12 m (Akersten and Thompson, 1992) . Most sands in the Glenns Ferry Formation are uncemented and friable, but the HHQ consists of carbonate-cemented, cross-bedded sands. It is unclear how extensive laterally the cemented area was originally, because the cemented sands cannot be traced to other hillsides.
The earliest published interpretation of the HHQ suggested slow accumulation of remains in a boggy setting such as a water hole (Gidley, 1930) . Based on later identification of channel sands at HHQ, however, this idea was revised and the deposit was said 
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to represent the gradual accumulation of fossils in an east-west-trending river aided by bog trapping (Gazin, 1935 (Gazin, , 1936 . But fossils from the HHQ lack significant abrasive wear, which commonly results from water transport (Akersten and Thompson, 1992) . Furthermore, the lack of ancient weathering and modification by carnivores, together with presence of associated skeletal elements, suggests that carcasses were exposed for only short times and, if transported at all, were not carried far (Akersten and Thompson, 1992) . Akersten and Thompson (1992) used this evidence to suggest the HHQ resulted from a single flood event that killed a herd of horses (Equus shoshonensis) and a few other animals. Their alternative scenario involved carcass accumulation by a flood event, a short period of exposure, and a second flood to bury everything. Analysis of the population structure of the HHQ horses supported the idea of a herd killed during a single flooding event or while trying to cross a deep river (McDonald, 1995) . Recently, however, the water-hole idea was revisited; quantitative evaluation of sediments and trough cross-sets indicates low flow velocity and water depth of less than half a meter (Richmond and McDonald, 1998) . In this new scenario, a drought brought the horses and other animals to a water hole situated in a channel remnant, where the animals died. After a short period of exposure, a minor flood buried the remains.
The HHQ is not the only locality within HAFO that contains fossils in situ and, in some cases, partially articulated. Such localities are, however, rare at HAFO; only 19 sites are known to have at least some fossils preserved within undisturbed sediment.
Anthills
Anthills can be caches of great paleontological wealth wherever the fossils are about the size of the ants (Galbreath, 1959) . Several species of harvester ant (Pogonomyrmex) are most commonly the fossilcollecting formicids in North America (Scott, 1951) . They armor their mounds with 1-2 cm of coarse particles (Headlee and Dean, 1908) . Not only can fossils be collected from ant mounds, but localities known to have fossils can be farmed by seeding an area with ants (Hatcher, 1896) . Mounds created by harvester ants occur within a cleared collection radius of about two meters, and have tunnels that reach as much as two meters in depth (Scott, 1951 ). An experiment to determine if sediment was actually displaced stratigraphically (Matthias and Carpenter, 2004 , table 1) exhibited a high degree of disturbance, but the maximum vertical movement measured in the study was less than 10 cm. Gaglio and Julian (1999) demonstrated that most fossils collected from ant mounds originated from nearby surface exposures and were not the result of excavation.
At HAFO, collecting from anthills results in quick accumulation of small fossils (personal observation and field notes at HAFO and Idaho State Museum). Although much of the collected material is not readily identifiable, recognizable rodent and insectivoran fossils are gathered by harvester ants in abundance. Over an 11-day period in June 1980, personnel of the Idaho Museum of Natural History made a collection of approximately 1,500 arvicoline rodent molars, most of them complete, from a single anthill within a blowout (personal observation).
Anthills at HAFO typically are limited to horizontal areas, such as blowouts and along ridge crests. Because of their location and the lack of data to support significant vertical transport of fossils by ants, fossils recovered from ant mounds might have been derived from the same stratigraphic horizon on which the ant mound is located. Given the 2-m radius of collection and the maximum angle of the hill slopes of about 35°, collecting by ants exclusively on the surface could sample a stratigraphic interval of 1.1 m. This is within the stratigraphic resolution possible at most sites at HAFO, and the amount of stratigraphic uncertainty is not considered significant.
Surface Float
Specimens recovered as surface float typically are isolated finds and show evidence of recent weathering and transport. The only stratigraphic utility for these fossils is recognition that they are derived from the level where collected, or upslope from it. In order to test that surface specimens were not derived from the horizon upon which they were collected, I sampled in situ strata from the southwest part of the monument. This area has abundant surface fossils, but far fewer blowouts and anthills than at other parts of HAFO. At one site I collected one square meter of sediment in 10-cm increments to a depth of one meter. The friable sediment was dry screened in the field with a 1-mm-mesh sieve and then washed through a 0.25-mm screen upon return to the HAFO research facility. Examination of the concentrate with a binocular microscope did not reveal any fossils in the in situ sediments, but it did from the loose, surficial sediment immediately overlying and adjacent to the in situ excavation. Similar sampling efforts at other locations at HAFO, but to depths of only about 10 cm of in situ sediment, had the same results. Therefore, surface-float specimens at HAFO should not be considered to be 'in place,' but represent merely a lowest possible elevation following an unknown amount of downslope erosional transport.
Blowouts
Blowouts within the Glenns Ferry Formation at HAFO are conspicuous as flat, nearly level areas devoid of vegetation that are filled with loose sand and abundant fossils (Fig. 6 ). Other flat areas exist at the western edge of HAFO, where the Tuana Gravel caps the local section. Blowouts occur throughout HAFO and were described by Shotwell (1958) and Bjork (1970) as yielding a concentration of fossils from the winnowing of finer sediments. I sampled in situ material stratigraphically above two of the most productive blowouts at HAFO to assess the original density of fossils. At each, a 1 by 0.5 m block of sediment was removed, beginning approximately one meter stratigraphically above the level of the blowout to a depth of one meter. In both cases, the sediment consisted entirely of trough-crossbedded sands. Sampling methodology followed that outlined above for in situ sediments. No fossils were recovered in the in situ channel sands.
Excavating through the blowout surface revealed the source of the fossils (Fig. 7) . The loose surface sediments in the blowouts range from 1 to 10 cm in thickness, and they generally thicken toward the northeast. The loose sediments are derived from a mixed clay-silt-sand layer under the channel sands; most probably the channel sands also contribute to this loose material. Underlying the mixed layer in the blowout is a massive dark clay layer, gray in places, but greenish black in others. Stratigraphically lower is a carbonaceous shale and brown clay; below these layers is another large (>1-m-thick) package of channel sands. The dark clay, brown clay, and channel sands did not contain visible fossils. The carbona- The mixed layer consists of poorly sorted clay, silt, and sand and averages about 12 cm in thickness (Fig. 7) . This stratum is easily eroded and only found lateral to the blowout, where it is overlain by other layers. Pelecypods, including specimens of the geographically widespread and ecologically diverse genera Sphaerium and Pisidium, occur throughout this layer, but they are extremely fragile and difficult to excavate intact. Sediment samples weighing approximately one kg were taken from the top, middle, and bottom third of this mixed layer. The top third yielded 270 vertebrate fossils, the middle third produced 1,334 vertebrate fossils, and the bottom third contained only a single specimen. Rather than being the winnowed concentrate of some large volume of sediments of unknown stratigraphic provenance, the fossils in the blowouts were derived from a discrete layer only a few centimeters thick.
The microstratigraphy of blowout localities can be explained with a sequence-stratigraphic approach (sensu Van Wagoner et al., 1988) . Although sequence stratigraphy is most commonly applied to marine and coastal depositional systems controlled by sea level, it is increasingly being used with nonmarine, closed basins because of the hydrocarbon potential in lacustrine sediments (Keighley et al., 2003) . Depositional environments for the variety of sedimentary rock at HAFO are fluvial channel deposits for the trough crossbedded sands, shallow lacustrine for the massive clay layers, lacustrine-delta for the mixed clay-siltsand layer, and deep lacustrine for the carbonaceous shale (Milligan and Lemons, 1998) . A local transgression raised the water level of the ancient lake, corresponding to the vertical change from sands to clay to carbonaceous shale. A regression followed, lowering the water level until the lake no longer existed in this locality. This decrease in water level was likely the result of a drought, during which local streams would have been the primary sources of drinking water. Fluvial transport of vertebrate remains could then bring the future fossils to the lacustrine delta. All vertebrate remains were small elements recovered by screen washing, thus precluding quantitative or descriptive data related to element orientations.
Other Fossiliferous Formations at HAFO
Most strata at H A FO are exposures of sand, silt, and clay of the Glenns Ferry Formation. Because other formations also occur within the boundaries of the monument, their ages, and the potential for vertebrate fossils to be recovered from them, warrant discussion.
A few vertebrate fossils are known from the upper Pliocene Tuana Gravel, but these are only of large mammals; no small vertebrate fossils are known from that unit. Mammalian fossils from the Tuana Gravel include proboscidean fragments reported by Schultz, Tanner, and Lewis (in Malde and Powers, 1962 ) and a Camelops skull, femur, and humerus, now in the HAFO collections (Thompson and White, 2004; personal observation) . These fossils were recovered from gravelly sand units and exhibit signs of extensive erosion relate to transport (Sadler et al., 1997) . No reliable dates have been gained from the Tuana Gravel itself; geochronology of the unit is dependent on radioisotopic and biochronologic age estimates of overlying and underlying deposits. Stratigraphically constraining the age of the Tuana Gravel are the overlying Bruneau Formation and the underlying Glenns Ferry Formation. Unfortunately, previously published age estimates do not match the superpositional sequence; the Bruneau Formation contains deposits as old as late Pliocene, whereas the youngest sediments from the Glenns Ferry Formation were considered early Pleistocene.
The Bruneau Formation contains basal basalts at Jackass Butte with K-Ar dates of 1.92 ± 0.16 and 2.06 ± 0.24 Ma (Amini, 1983; Amini et al., 1984a Amini et al., , 1984b Amini et al., , 1985 . The Froman Ferry sequence, at the top of the Glenns Ferry Formation, was estimated to date between 1.5 and 1.67 Ma (Repenning et al., 1995) based upon: (1) Ar date for the overlying basalt from Pickles Butte of 1.58 ± 0.085 Ma (Othberg in Repenning et al., 1995) . Between the basalt from Pickles Butte and the Froman Ferry beds is an unconformity of unknown duration. However, the paleomagnetic survey found only reversely polarized strata, indicating ". . . on the basis of vertebrate fossil assemblages and the large apparent thickness of reversed polarity sediment . . . the Froman Ferry section was deposited sometime during the long reversed period after the end of the Olduvai Subchron, probably between 1.67 Ma and about 1.4 Ma" (Van Domelen and Rieck, 1992, p. 6) . Actually, the only fossil vertebrate used to determine this time frame was the presence of Phenacomys gryci: "Aside from P. gryci, all fossil material from the Froman Ferry localities, including diatoms . . . is typical of the well-studied Blancan V-age [sensu Repenning, 1987] Grand View fauna" (Van Domelen and Rieck, 1992, p. 5) . Repenning (1987) suggested the duration of his Blancan V land mammal age as 2.6 to 1.9 Ma and his Irvingtonian I as 1.9 to 0.9 Ma. Therefore, the dates for the magnetic stratigraphy (Van Domelen and Rieck, 1992) were based on the presence of Phenacomys gryci in the Irvingtonian I (sensu Repenning, 1987) and specifically excluded all other taxa at Froman Ferry that suggested an older age (Blancan V; sensu Repenning, 1987) . The dates from the magnetic stratigraphy were then used to date the Froman Ferry sequence and the dispersal of Phenacomys gryci into the conterminus United States (Repenning et al., 1995) .
If the Froman Ferry beds were actually deposited during the reversed interval younger than the Olduvai, which with refinement of the geomagnetic polarity time scale of Berggren et al. (1995) increases the older boundary to 1.77 Ma, it represents the youngest 'dated' occurrence of several biochronologically useful taxa (Bell et al., 2004) . However, the possibility that the reversed polarity of the Froman Ferry sequence could represent an earlier time in the Matuyama (which is indicated by the fossil mammal assemblage except for P. gryci) has not been discussed. Older than the Olduvai is another long interval of mostly reversed polarity (2.59-1.95 Ma; Lourens et al., 2004) , interrupted only by one or two brief normal polarity events (Kidane et al., 2007) . This reversed-polarity interval closely matches the span of the Blancan V. If the Froman Ferry sequence were deposited during this earlier part of the Matuyama, the temporal range of P. gryci within the contiguous United States would be extended; however, this species is known in Alaska at about 2.3 Ma . Additionally, the last occurrences of Hypolagus, Borophagus, and Ophiomys during the earlier part of the Matuyama would reduce the ranges of those taxa and be more concordant with records elsewhere. I consider it more probable that the sequence from Froman Ferry is older than previously understood, and future work on Blancan biostratigraphy should take this older age into account.
The basalt from Pickles Butte was said to interbed with the Glenns Ferry Formation to the east of the Froman Ferry sequence (Weasma in Repenning et al., 1995) . If true, this would be the only evidence supporting a Pleistocene age for any part of the Glenns Ferry Formation. This observation, however, may actually be the result of misidentification of units. The Glenns Ferry Formation in the Boise Valley was overlain by Tenmile Gravel prior to eruption of the basalt at Pickles Butte (Othberg, 1994 ; personal observation). Sedimentary units interbedded with lower to middle Pleistocene basalts in the area are likely strata of the Bruneau Formation.
The Yahoo Clay contains fossil molluscs and pollen (Malde, 1982) , but there are no published records of fossil vertebrates. The collections at HAFO contain five vertebrate fossils said to be from the Yahoo Clay on the monument, but locality data are incomplete and the fragmentary nature of the fossils precludes identification more specific than 'mammal.' The Crowsnest Gravel rests on surfaces formed during dissection of the Yahoo Clay (Bliss and Moyle, 2001 ), but no fossils are known from the Crowsnest Gravel.
CHRONOLOGY OF GLENNS FERRY FORMATION Vertebrate Biochronology
The study of fossil fish from the Idaho Group has a long history, beginning in the 19 th century (Cope, 1870a (Cope, , 1870b (Cope, , 1883a (Cope, , 1883b Newberry, 1870a Newberry, , 1870b Newberry, , 1871a Newberry, , 1871b Leidy, 1873) . Following a long hiatus, study of fish from the Glenns Ferry Formation was revived at The University of Michigan (e.g., Uyeno, 1960 Uyeno, , 1961 Miller and Smith, 1967) and Idaho State University (e.g., Linder, 1970; Linder and Koslucher, 1974) . The Idaho Group contains the most diverse late Cenozoic fish fauna known from western North America (Smith, 1981) and is about twice as diverse as extant fish assemblages in western North America (Miller and Smith, 1967) .
Fossil fish faunas reflect the depositional environment and can be used for biochronologic interpretation within much of the western Snake River Plain (Smith et al., 1982) . The ichthyan fauna of the Chalk Hills Formation is significantly different taxonomically from that of the Glenns Ferry Formation, and variation in the number of pharyngeal teeth of Mylocheilus can be used to distinguish among the upper, middle, and lower informal divisions of the Glenns Ferry Formation (Smith et al., 1982) . The fish faunas from the Idaho Group are regarded as lacustrine, except for the fossils from Hagerman (Smith, 1975) , which are indicative of more fluvial settings than likely for the Glenns Ferry Formation elsewhere.
The numerous publications on mammalian biostratigraphy in the Pliocene and Pleistocene of North America were recently reviewed and their results extensively revised by Bell et al. (2004) (2004) did not address the biochronologic utility of geologically old species of Plesippus/Equus (at least partly because of the nomenclatural uncertainties surrounding specimens attributed to those taxa), Equus shoshonensis (see Ruez [in press ] for use instead of E. simplicidens for the HAFO equid) may also be an indicator taxon for the Blancan (Flynn et al., 2005) . Repenning (1987) put HAFO localities below the 2,950-foot elevation contour in his Blancan II and those above in Blancan III. Pliopotamys minor and Ophiomys taylori were considered characteristic of Blancan III faunas. The lowest occurrence of Pliopotamys at HAFO is 27 m above the highest level of the Cochiti subchron of the Gilbert Chron (McDonald et al., 1996) ; the youngest part of the Cochiti is dated at 4.18 Ma (Berggren et al., 1995) . Until recently, this scenario of the Hagerman faunas spanning from the Blancan II to the Blancan III persisted. A subsequent revision of the arvicoline-based biochronology of North America included all of the Hagerman beds within the Blancan III, which Repenning et al. (1990) suggested to have extended from 3.7 to 3.0 Ma. The Blancan III, as currently recognized, extended from approximately 4.1 to 2.5 Ma (Bell et al., 2004) and includes the Blancan IV (sensu Repenning, 1987; Repenning et al., 1990) . The deposits at HAFO allow not only for detailed examination of the chronological range of these divisions of the Blancan land mammal age, but also for study of faunal changes that may have occurred within and across them.
Magnetostratigraphy
The pattern of magnetic-polarity reversals within the Glenns Ferry Formation in the Hagerman area is rather simple. The longest section at HAFO, Peters Gulch, contains two intervals of deposition during reversed magnetic polarity and two intervals of normal polarity (Neville et al., 1979; Neville, 1981) .
Two sections elsewhere at HAFO contain one normal and one reversed interval each, and another section consists only of reversed-polarity strata (Neville et al., 1979; Neville, 1981) . The geomagnetic-polarity determinations for the four sections studied at HAFO were correlated in part with prominent volcanic stratigraphic markers. Based on the conventional 40 K/ 40 Ar dating established by Evernden et al. (1964) , the pattern of geomagnetic polarity observed at HAFO was interpreted to span the Gilbert-Gauss boundary (Neville et al., 1979; Neville, 1981) . The youngest and oldest intervals were included within the Mammoth reversed and Cochiti normal subchrons, respectively. Recent calibration of the global magnetic polarity time scale has refined some of the associated dates. The oldest part of the Mammoth event is at 3.33 Ma, and the youngest part of the Cochiti is at 4.18 Ma (Berggren et al., 1995; Lourens et al., 2004) .
Radioisotopic Dates
The basalts and ashes in HAFO provide material for radioisotopic dating. Unfortunately, some of the results from discrete horizons have yielded discordant ages, and others are too imprecise to be useful (Lee et al., 1995) .
Samples of Banbury Basalt from near Hagerman gave 40 K/ 40 Ar dates of 4.4 ± 0.6 and 4.9 ± 0.6 Ma (Armstrong et al., 1975) . The Notch Butte fauna was derived from strata within flows of the Banbury Basalt. It includes mammals described as late Hemphillian and dates between 4 and 5 Ma (Akersten et al., 1999) . The presence of Pliotaxidea and Teleoceras does suggest a Hemphillian age (Tedford et al., 2004) , but if the cf. Mimomys indeed represents a species of Mimomys, the fauna is, by the definition of Bell et al. (2004) , Blancan in age. Based on faunas from Nevada, the BlancanHemphillian boundary was constrained at between 4.89 and 4.98 Ma (Lindsay et al., 2002) ; the same boundary was estimated at slightly younger (4.7-4.8 Ma) based on work in central Mexico (Kowallis et al., 1998; Carranza-Castañeda and Miller, 2004; Flynn et al., 2005) . The age of the Banbury Basalt constrains the maximum age of the Glenns Ferry Formation at HAFO.
Fission-track dates of 7.4 and 8.55 Ma on the Peters Gulch Ash (Kimmel, 1979 (Kimmel, , 1982 , which occurs in the Glenns Ferry Formation within HAFO, exceed the 40 K/ 40 Ar-determined age of the underlying Banbury Basalt (Armstrong et al., 1975) . A later fission-track study on the Peters Gulch Ash yielded a much more concordant result of 3.75 ± 0.36 Ma (Izett, 1981 Sadler et al., 1997) may be the result of the Peters Gulch Ash containing reworked components (Sadler et al., 1997) . Stratigraphically higher is the Fossil Gulch Ash, which was dated using 40 K/ 40 Ar technology at 3.3 Ma (Evernden et al., 1964) . Recent 40 Ar/ 39 Ar analyses on a basaltic glass (Bed G) above both of the above-mentioned ashes established a date of 3.79 ± 0.03 Ma (Hart and Brueseke, 1999) .
Basalts from HAFO show a scatter of 40 K/ 40 Ar results (Evernden et al., 1964; Armstrong et al., 1975 Armstrong et al., , 1980 (Hart and Brueseke, 1999) . A dacitic ash interpreted as synchronous or slightly older than the Hagerman Horse Quarry was dated at 3.2 Ma, but the age was considered too young based on the hydrated nature of the glass shards (Evernden et al., 1964) . It is unclear if this ash is chronologically equivalent to the silicic tephra that was sampled above the Hagerman Horse Quarry and yielded a poorly constrained 40 Ar/ 39 Ar date of 3.7 ± 0.7 Ma (Hart and Brueseke, 1999) . This silicic tephra was estimated to date at approximately 3.19 Ma, based on uniform sediment-accumulation rates between higher and lower levels anchored with paleomagnetic and more precise radioisotopic dates (Hart and Brueseke, 1999) .
The recent radioisotopic dates determined by Hart and Brueseke (1999) allow further revision of the magnetostratigraphy for HAFO. Dates for the Shoestring Basalt and a basaltic ash (Bed G) above Fossil Gulch Ash, when compared with the expected magnetic signature from the geomagnetic polarity time scale (Berggren et al., 1995) , match paleomagnetic observations at HAFO (Neville et al., 1979) . Likewise, the date estimated for the Hagerman Horse Quarry is consistent with the normal polarity observed. This placement, however, is younger than the Mammoth subchron. The strata with reversed polarity observed above the HHQ probably were deposited during the Kaena subchron. The Kaena subchron extended from 3.11 to 3.04 Ma (Berggren et al., 1995) and encompasses the youngest strata of the Glenns Ferry Formation at HAFO (Fig. 8) .
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The Ar-Ar date on the Deer Gulch Basalt of 3.40 Ma (Hart and Brueseke, 1999) falls within a global interval expected to show normal polarity (Berggren et al., 1995) . But the samples taken from the Deer Gulch Basalt (and 35 m of sediments above it outside of HAFO) exhibit reversed polarity (Neville et al., 1979; Neville, 1981) . In support of their date for the Deer Gulch Basalt, Hart and Brueseke (1999) hypothesized a "Deer Gulch -Shoestring Unconformity" (1999, p. 19) , which resulted in the absence of strata representing the interval from 3.68 to 3.4 Ma. About 12 km north of HAFO, the Deer Gulch Basalt directly overlies the Shoestring Basalt, but as much as 11 m of strata lie between the basalts closer to HAFO. Additionally, these strata are entirely of reversed polarity (Neville et al., 1979; Neville, 1981) , whereas most of the duration of the proposed "Deer Gulch -Shoestring Unconformity" falls within a normally polarized part of the Gauss. Finally, this scenario requires increasing the globally determined older boundary of the Mammoth subchron by at least 70 ka to 3.4 Ma. A subsequently published, stratigraphic column for the Glenns Ferry Formation at HAFO (Link et al., 2002) incorporated radioisotopic dates from Hart and Brueseke (1999) , but they did not accept their proposed unconformity. I also consider existence of the "Deer Gulch -Shoestring Unconformity" to be improbable. My placement of the Deer Gulch Basalt is interpolated in Figure 8 , based on the radioisotopic date (and reversed polarity) for the Shoestring Basalt and the paleomagnetic age of the Gilbert-Gauss boundary.
Development of Hagerman Horse Quarry Datum
To properly place the HAFO faunas in their correct relative and stratigraphic positions, correlations must be made among localities within HAFO. I used previously published stratigraphic sections (Bjork, 1970; Lee et al., 1995) , established chronostratigraphic marker beds (Powers and Malde, 1961) , and geologic maps of HAFO (Fig. 9) to produce an isopleth map (Fig. 10) showing the adjustments in elevation necessary to bring localities into their proper chronologic position. Connecting fossil localities within HAFO in this manner to other mammalian faunas of the Glenns Ferry Formation west of Hagerman are not feasible. Although several chronostratigraphically useful ash beds interconnect some geographically discontinuous parts of the Glenns Ferry Formation, the most widespread beds could not be traced to ashes present in HAFO (Swirydczuk et al., 1981 (Swirydczuk et al., , 1982 .
Thus, even though stratigraphy of the Glenns Ferry Formation within HAFO is relatively simple, a few factors complicate attempts to compare laterally separated faunas in a temporal context. First, although the beds are nearly horizontal, there is a Berggren et al. (1995) , given in Ma. Paleomagnetic stratigraphy for Glenns Ferry Formation follows Neville et al. (1979) . Dates for beds G, SB, and DGB are Ar-Ar analyses from Hart and Brueseke (1999) . The HHQ date from Hart and Brueseke (1999) is based on a combination of evidence. slight dip. Second, normal faulting occurs in the southern part of the monument. Finally, the localized lateral accumulation of channel sands results in variable thicknesses during known intervals of deposition.
The average dip of the Glenns Ferry Formation in northern parts of HAFO does not exceed three degrees; the directions of dip vary from about N 45° W to N 45° E (personal observation). In the southern part of the monument, faulting resulted in the tilting of a wedge that dips at about 5° NE at the northwestern tip of the wedge, increasing to a dip of over 10° NE south of HAFO (Bjork, 1970) . Maps of faults in or near the southern part of HAFO by Bjork (1970) and Malde and Powers (1972) are inconsistent with each other (Fig. 9) . In the south-central and southeastern parts of HAFO (secs., 4 and 3, T. 8 S., R. 13 E., Boise Meridian), the placements of inferred faults differ between workers by more than half a kilometer. Also, contrasting with the suggestion of two faults that merge into each other within HAFO (Bjork, 1970) , Malde and Powers (1972) depicted a single fault within HAFO (and suggested a second fault south of the monument). The fault placements are mainly tentative, and although several small faults are known in the area, none has the offset necessary to account for the presence of the Deer Gulch and Peters Gulch Ash up to 50 m higher south of the faulted area than north of it. The problematic area in Figure 10 is shaded to indicate the inability to confidently place localities of the Glenns Ferry Formation in this area into a stratigraphic Malde and Powers (1972) , updated according to Malde (1991) ; eastern edge of HAFO along Snake River follows Hagerman Quadrangle topographic map published by U.S. Geological Survey (1992); faults are plotted as identified by Bjork (1970) and Malde and Powers (1972) .
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framework. Additionally, the presence of Yahoo Clay and Crowsnest Gravel obscures the Glenns Ferry Formation in this area (Fig. 9) .
However, because the Glenns Ferry Formation is largely covered in this area, there are few fossil localities of real concern.
Because the HHQ is the bestknown locality within Hagerman Fossil Beds National Monument, this site is the anchor for a generalized stratigraphic section that could allow comparisons among localities. There have been multiple excavations of the HHQ encompassing slightly different stratigraphic thicknesses and levels (Akersten and Thompson, 1992) ; the modern elevation at the current top of Smithsonian Institution Hill provides the anchor point used here. In the area of HHQ, the measured section 'A' of Bjork (1970) represents the idealized section. Deeper strata are not well exposed in Fossil Gulch, and the stratigraphic levels must be interpreted from other measured sections. Figure 8 shows the complete HHQ datum section with adjusted thicknesses and dates. The time scale as plotted in Figure 8 varies vertically because the estimated rates of deposition at HAFO vary. Depositional rates are computed to be constant within intervals bracketed by interpretations gained either from radioisotopic or paleomagnetic data. Although fluvial systems are unlikely to maintain a constant rate of deposition, by breaking the HAFO section into such controlled intervals, the results are expected to be more accurate than estimates based on an overall average value.
The isopleth map in Figure 10 indicates the amount of shift in elevation necessary to place faunas within the HHQ datum. These shifts are based primarily on correlations between previously published measured sections (Bjork, 1970; Malde, 1972; Lee et al., 1995) . Stratigraphic changes between measured sections were calculated with arithmetic averages unless other evidence was present. Isopleth lines placed with less certainty are drawn as a dashed line. These instances include areas far from measured sections, elevations significantly above or below the observed intervals in nearby measured sections, areas near faults, and areas in which the reason for the change in elevation observed in measured sections is unclear.
Appendix 1 contains a list of HAFO localities, their equivalents at other institutions with significant collections, and the revised elevations. Fossil localities are not indicated on Figure 10 because of concerns associated with protecting the fossil resources of HAFO and because of the difficulty in illustrating hundreds of localities on a small map. Detailed locality data are on file, and available to qualified researchers, within Hagerman Fossil Beds National Monument. The list of revised elevations for each site allows proper placement of fossils from published locality numbers.
Along with the HHQ datum-adjusted elevations, estimates of precision were made of the stratigraphic resolution possible for each locality. These values should be considered a 'worst-case scenario' and used only in a general sense to compare reliability of stratigraphic placement. Estimates are based on personal observation of data from topographic maps, GPS data, photos, and any other methods of locating the sites. Older GPS data were sometimes discarded when they contrasted sharply with simple field observations such as presence on ridgelines. The elevation of the HHQ is the current value of the recent U.S. National Park Service excavations; adjustment for other collections from the HHQ can be made using the data provided by Akersten and Thompson (1992) . The greatest stratigraphic resolution possible was considered to be one meter. The type of fossil deposit was based on personal visitations and data collected by HAFO field crews; the nature of some sites is uncertain, even though there exist documented locality data from older field studies.
CONCLUSIONS
Much background work is synthesized here so that published records of Hagerman fossils and unpublished materials currently in collections can be used without revisiting and reevaluating each of the hundreds of localities from the Glenns Ferry Formation in HAFO. The list showing the equivalent locality numbers among the three largest collections from HAFO (Appendix 1) facilitates combining data from these institutions. The nature of fossil deposits was previously published for only a few of the hundreds of localities at HAFO. Although it was not possible to do so for all localities, Appendix 1 lists the nature of more than 350 fossil deposits for which data is maintained by HAFO. These data were used to estimate the lowest and highest stratigraphic occurrences for most of the species of mammals known from the Glenns Ferry Formation at HAFO (Appendix 2).
The most significant discovery presented here is that the fossils recovered from blowouts are derived from discrete, thin layers, rather than from a winnowed concentrate of an unknown amount of overlying sediment. This means that the fossils from these localities can be accurately placed into a stratigraphic context. Blowout deposits outside of HAFO also should be closely examined to determine if they too are products of discrete layers.
I anticipate that this study will need ongoing updates for two reasons. First, locality data for some sites listed here as 'unknown' may actually exist and eventually come to light. Second, fossil collecting is ongoing at HAFO, and new localities are continually being discovered. As they are found, staff of the U.S. National Park Service carefully documents the nature and precise location of each locality. 
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